l Meta-analysis of 3 randomized clinical trials shows a statistically significant relationship between treatment effects on PFS and MRD.
Introduction
In recent years, there has been considerable progress in the treatment of chronic lymphocytic leukemia (CLL), with median progression-free survival (PFS) now approaching 5 years in first-line CLL studies. 1 Because PFS is the standard primary end point used in phase 3 CLL clinical trials, this improvement in outcome requires long-term follow-up in trials of new experimental therapies.
To facilitate the development of novel treatments and ensure timely patient access to more efficacious therapies, shorter-term end points are desired for future CLL clinical trials. A potential surrogate for PFS in this setting is the measurement of minimal residual disease (MRD) response at the end of treatment. Although not formally included in the International Workshop on Chronic Lymphocytic Leukemia (iwCLL) 2008 definition of response, 2 MRD has been shown to be an independent prognostic factor of efficacy in both single-arm/ patient series and randomized phase 3 trials of chemotherapy and chemoimmunotherapy agents [3] [4] [5] [6] [7] [8] [9] and monoclonal antibodies. 8 MRD is a sensitive measure of the remaining tumor load after treatment, and therefore is an indicator of the depth of response to treatment. The vast improvement in MRD detection technology over the last 2 decades now allows a robust and reliable quantification of MRD in peripheral blood (PB) and/or bone marrow (BM), and therefore facilitates an objective measurement of response to therapy. Polymerase chain reaction (PCR)-based and 4-color flow cytometric (MRD flow) techniques have reliably established an MRD detection level of ,1 leukemic cell per 10 000 leukocytes (10 24 ). Both methods are widely used to assess MRD. [10] [11] [12] [13] [14] Results from 3 randomized phase 3 studies of front-line chemoimmunotherapy in CLL conducted by the German CLL Study Group (GCLLSG) provide the rationale for assessing the value of MRD response as a potential surrogate end point for long-term outcome. Data from the CLL8 study support the hypothesis of MRD response as a surrogate end point for both overall survival (OS) and PFS. 3 ) thresholds, and were associated with median PFS estimates of 68.7, 40.5, and 15.4 months, respectively. 3 Median OS was 48.4 months in patients with high MRD levels, but was not reached for patients with low or medium MRD levels. 3 In CLL10, 4 median PFS was 23.9 months in PB-MRD Correlation of a short-term end point (MRD) with a long-term end point (PFS) is insufficient to establish surrogacy. 17 Assessment of a potential surrogate end point requires demonstration of the prognostic value of the surrogate for long-term outcome, and evidence that treatment effect on the surrogate reliably predicts treatment effect on the long-term outcome. 18 Here, we evaluate MRD response (negative [MRD , 10 24 ] vs positive [MRD $ 10 24 ]) as a potential surrogate end point for PFS in CLL by developing a meta-regression model for predicting the treatment effect on PFS from the treatment effect on MRD. For improved precision, this analysis is based on a combined analysis of the CLL8, CLL10, and CLL11 trials.
Methods
Patients MRD was prospectively assessed in patients participating in the 3 multicenter, randomized, open-label, phase 3 clinical trials (ClinicalTrials.gov identifiers NCT00281918, NCT00769522, and NCT02053610). In all 3 studies, MRD was assessed in PB in all patients and in BM only in patients with complete response (CR). In CLL8, only patients enrolled in Germany and Austria had MRD assessments conducted. Trial protocols were approved by the relevant institutional review board and ethics committee of each participating center. Patients provided written informed consent to participate in the trials and to undergo MRD testing. The designs of the 3 trials have been previously reported. 4, 5, 15 Key results are summarized in Table 1 . The primary end point of each trial was investigator-assessed PFS. In this analysis, for the noninferiority CLL10 trial, FCR was considered the experimental arm to be consistent with the CLL8 experimental arm. Patients were included in the MRD analysis (MRD-evaluable population) if they have MRD-PB measured at the time of the final response assessment, within 75 to 195 (CLL8 and CLL10) or 56 to 190 (CLL11) days after the last day of treatment. If multiple MRD results within this time window were available, the earliest dated result was used. Patients with no MRD result but death/progressive disease shortly after last dose (within 90 [CLL8 and CLL10] or 56 [CLL11] days of last dose) were counted as MRD 1 .
MRD assessment
MRD was quantified using an international standardized approach by flow cytometry analysis in CLL8 and CLL10 12, 19 and by allele-specific oligonucleotide real-time quantitative PCR in CLL11 according to the EuroMRD guidelines 13 (supplemental Methods, available on the Blood Web site). Concordance between flow-based vs PCR-based MRD assessment has previously been demonstrated and quantitative MRD levels assessed by both techniques were closely correlated, irrespective of therapy. The sensitivity and specificity of MRD flow was not influenced by the presence of rituximab in the PB.
11 PB samples were taken at baseline in each trial, and at predefined postbaseline time points. [3] [4] [5] See supplemental Methods for further details on MRD assessment methodology.
BM-MRD samples were taken at final disease staging in patients achieving CR or CR with incomplete BM recovery (CRi) in each of the trials. Due to this small and potentially biased subset of patients with available BM-MRD results, BM-MRD was not included in the present analysis. A summary of BM-MRD results can be found in supplemental Table 1 , with cross-tabulation comparing PB-MRD and BM-MRD results in supplemental Table 2 .
Prediction model and analysis
To construct a prediction model for PFS, a weighted linear regression model was applied, using the logarithmic PFS HR as the predicted variable. The (log) relative risk of MRD, that is the (log) ratio of the MRD 2 rate in the experimental vs the control arm, was used to quantify treatment effect on MRD and was the only predictor in the model. To obtain sufficient data points to fit a regression model, patients were grouped according to region (6 regions in Germany according to the location of the trial site; CLL8, CLL10) or country (7 groups; countries with ,45 patients were grouped according to geographic region of the trial site; CLL11). 20 Subgroups were weighted according to the number of PFS events observed (using the inverse of the square of the standard error of the logarithmic HR of PFS).
A relative measure of treatment effect on MRD was used to reflect that different trials may have different proportions of MRD response, dependent on treatment and patient population. The fitted model includes an intercept parameter to represent the expected PFS (log) HR when no difference in MRD 2 rates is observed. The "slope" parameter describes how the (log) HR is impacted through changes in the MRD response relative risk. The model was evaluated using the coefficient of determination (R 2 ), quantifying the proportion of variability in PFS HR that can be explained by MRD, and 95% confidence limits (CLs) and P values for the regression coefficients were calculated. A threshold of 5% was used to conclude statistical significance of model parameters.
As a sensitivity analysis, a regression model based on data from CLL8 and CLL10 only was also constructed. Furthermore, a model with the intercept term fixed at a value of 0 was constructed, such that the predicted HR for PFS is restricted to take a value of 1 (no difference) when there is no observed treatment effect on MRD. A further sensitivity analysis was conducted to create a regression model from CLL8, CLL10 and CLL11 when MRD negativity was defined taking into account the result in BM. In this model, patients 956 blood® 1 MARCH 2018 | VOLUME 131, NUMBER 9
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1
. As an out-ofsample validation measure, the complete model was used to predict PFS HR in a non-GCLLSG CLL trial (REACH). 21 
Results

Patient population
Baseline demographics of the intention-to-treat (ITT) population (supplemental Table 3 ) were similar across the 3 trials, acknowledging the increased age expected in patients with comorbidities in CLL11.
Of 2162 patients randomized in the trials, data for PB-MRD or early progressive disease or death were available for 393, 337, and 474 patients in CLL8, CLL10, and CLL11, respectively (MRDevaluable population) ( Table 1) . Demographic characteristics between the ITT and MRD-evaluable populations (supplemental Table 4 ) did not differ substantially across trials, indicating that the MRD-evaluable population is representative of the ITT population. Efficacy end point results were also comparable between MRD-evaluable and ITT populations in all studies.
Prediction of PFS
The proportion of patients with a PFS event and with MRD 2 status is shown in Table 1 . Across the trials, PFS was longer and a larger proportion of patients achieved MRD negativity in the experimental arm vs the control arm. To assess the association between MRD and PFS within each trial, a Kaplan-Meier plot for PFS was provided for MRD 2 vs MRD 1 patients ( Figure 1 ) and Cox regression models for PFS, accounting for MRD status with and without treatment, were fit to the data (supplemental Table 5 ). These models indicate a strong association between MRD and PFS and indicate how much of the effect of treatment on PFS can be captured by MRD. In the CLL8 study, there was no difference in PFS observed between the arms once PB-MRD was accounted for. In the CLL10 and CLL11 studies, PB-MRD captured some, but not all, of the treatment effect in PFS as indicated by the low P values for the MRD-adjusted PFS.
The meta-regression model ( Figure 2 ) showed a significant relationship between treatment effects on MRD and PFS; the log of PFS HR decreased by 20.188 (95% CI, 20.321 to 20.055) for each unit increase in the log relative risk of MRD (P 5 .008) as depicted by the regression line. This statistically significant slope parameter indicates that an increase in MRD response relative risk between trial arms is associated with improved PFS outcomes. The negative intercept parameter (20.398; 95% CI, 20.617 to 20.179), representing the difference in PFS between arms when there is no difference in PB-MRD response rates, was also significantly different from zero (P 5 .001) indicating that some treatment effect remains in PFS when there is no difference in PB-MRD. The coefficient of determination of the model was R 2 5 0.33 indicating that approximately one-third of variability in the PFS HR can be explained through the observed MRD results. Based on this model, predictions of PFS HR using a range of differences in MRD 2 rates are summarized in Table 2 . These predictions suggest that risk of progression or death decreases as the ratio of MRD response rates increases (ie, a larger relative difference in MRD response rates is associated with a lower PFS HR). Because the model is based on subgroups of the 3 studies, the prediction intervals around future HRs are wide as a result of the low number of events within each subgroup. The prediction intervals were also calculated for a hypothetical phase 3 study with a larger number (170) of observed PFS events, to reflect an HR of 0.65, showing that the prediction is more precise with narrower prediction intervals, as shown in Table 2 . When designing a future clinical trial based on MRD as a primary end point, the final column of this table illustrates the prediction interval that would be expected for the unobserved PFS HR based on the observed difference in MRD response rates. 
Sensitivity analyses
Model including CLL8 and CLL10 only Both CLL8 and CLL10 trials included patients who were considered physically fit (Eastern Cooperative Oncology Group performance status 0-1 in CLL8, Cumulative Illness Rating Scale [CIRS] # 6 and creatinine clearance $ 70 mL per minute in both CLL8 and CLL10), whereas CLL11 enrolled only patients with comorbidities (clinically meaningful burden of concomitant illnesses scoring .6 on the CIRS or a creatinine clearance of 30-69 mL per minute). To assess the potential impact of the heterogeneity of the patient population on the predictive value of MRD, the metaregression model was also developed using data from CLL8 and CLL10 only. Results of this model demonstrate a consistent relationship between treatment effects on MRD and PFS, with an intercept of 20.322 and a slope parameter of 20.296 (P 5 .025 and .161, respectively, R 2 5 0.17). Although the slope parameter is no longer statistically significant, the negative value indicates that the difference in PFS increases as the relative difference in MRD 2 rates increases.
Model without intercept
The meta-regression model developed herein enforces no restriction on the intercept term, such that the PFS HR is not constrained to take a value of 1 when there is no difference in MRD response rates. A further sensitivity analysis applied this constraint, to reflect that perfect surrogacy of MRD would mean that a lack of difference in MRD response rates would predict no difference in PFS. This model further demonstrates a strong relationship between treatment effects on MRD response rate and PFS, with a slope parameter of 20.381 (P , .0001 and R 2 5 0.75, Figure 3) , further supporting the findings of the primary model.
Model based on MRD-BM To assess the impact of the use of PB in the primary model, a regression model was also constructed incorporating data from BM. In this model, patients were considered MRD 2 if they had negative MRD status based in both PB and BM. Results demonstrate a consistent relationship between treatment effects on MRD and PFS, with an intercept of 20.252 and a slope parameter of 20.379 (P 5 .05 and .0015, respectively, R 2 5 0.44). This model is provided in supplemental Figure 1 .
Model validation
Validation case study on non-GCLLSG data: REACH trial The REACH trial, which assessed FCR vs fludarabine and cyclophosphamide (FC) 21 in patients with previously treated CLL, was used to independently assess the reliability of the model predictions. MRD was tested in a subset of patients and negativity was observed in 43% and 31% of patients in the FCR and FC arms, respectively, giving a relative risk of 1.39. The model predicted a PFS HR of 0.63, which is consistent with the PFS HR of 0.65 for the REACH trial, thus supporting the reliability of model predictions. 
Discussion
The present analysis was conducted to determine whether the treatment effect on MRD response in PB at the end of induction treatment with chemoimmunotherapy can predict treatment effect on PFS in patients with CLL. To this end, we used PB-MRD data from 3 randomized, phase 3 trials to determine the strength of association between treatment effects using a meta-regression model. A statistically significant relationship between treatment effect on MRD and treatment effect on PFS was observed. The R 2 value measures how close the observed data are to the linear regression model, providing an estimate of how much of the variability in PFS HR can be explained through knowledge of the MRD response rate ratio. The value of 33% indicates that approximately one-third of the variability of the observed PFS HRs can be explained by the model. There are 2 factors to consider in the interpretation of this R 2 value: the variability in the data available for analysis and the significance of model parameters. The model includes data from 3 studies with very different treatment comparisons that are further split into smaller subgroups to enable fitting of the model, an approach discussed by Renfro et al. 22 The variability in observed treatment effects among the small subgroups is therefore apparent and reflected in the wide CIs for future predictions. However, when the model is used to predict treatment effect in a new phase 3 trial, it is expected that there will be a larger number of PFS events observed leading to more precise prediction of the PFS HR. 22 Additionally, the significance of model parameters indicates that even with the observed variability the relationship between the treatment effects on MRD response and PFS is very strong. The significant intercept term of the model indicates that some treatment effect in PFS remains when there is no difference in PB-MRD response rates between treatment arms. As can be seen from Figure 2 , such a value lies at the extreme of the observed data and should therefore be interpreted with caution. Sensitivity analysis constraining the intercept term of the model to be zero, such that no difference in MRD response rates predicts no difference in PFS, supports the relationship between treatment effects on MRD and PFS. However, because such a constraint is artificial, further data are required to better quantify the remaining treatment effect in PFS when there is no observed difference in MRD response rates. Successful out-of-sample validation of the model was achieved in the REACH trial with close prediction of the PFS HR.
Data from the CLL8 study also support the hypothesis of MRD response as a surrogate end point for OS.
3 Meta-analysis of OS within the 3 studies included herein was thought to be limited by the shorter follow-up period in studies CLL10 and CLL11, with low numbers of deaths preventing meaningful conclusions. Therefore, OS was not explored.
Although BM is potentially more sensitive to MRD detection compared with PB, 3, 5, 9, 12 BM assessment is limited by the patient burden of obtaining a sample and therefore less practical. Within each of the 3 trials, assessment of BM-MRD was performed at the time of final response staging only in patients achieving suspected CR/CRi, representing a biased subset of patients and preventing clear interpretation. Additionally, low proportions of patients achieving BM-MRD negativity implies that the possibility of meta-regression modeling of such small samples is unlikely. Therefore, BM-MRD data were not considered a more reliable assessment of surrogacy and were not included in the current analysis. Nonetheless, when each of the 3 studies was analyzed using Cox regression analyses, BM-MRD status was also found to be a significant independent prognostic factor for PFS (supplemental Table 5 ). Furthermore, a sensitivity model using BM-MRD status was consistent with the primary model based on PB-MRD and suggests that use of PB-MRD does not hamper the relationship between treatment effects on MRD and PFS.
In the CLL10 study, the PFS Cox regression and Kaplan-Meier curves indicate a small difference in PFS between BR and FCR in PB-MRD 2 patients, with those treated with FCR having a slightly better long-term outcome. Although this difference was not observed when assessing BM-MRD, the lack of a statistically significant difference in outcomes based on BM-MRD may be due to the small patient numbers, and/or the bias introduced in this analysis through collection of BM-MRD samples only from responding patients. Measurements based on PB-MRD are taken from an unrestricted patient population, including both responders and nonresponders, making this a more representative sample to compare PFS between treatment groups. Furthermore, based on the baseline characteristics of patients included in the CLL10 study, the difference in outcome for MRD 2 patients is likely impacted by an imbalance in the proportion of patients with IGHV mutation. In the FCR arm, 41.9% of patients in the MRD-evaluable population had a mutation, compared with 31.6% in the BR arm. Because IGHV mutation is a recognized prognostic factor for CLL, it is possible that this has had a minor impact on the results from this study. Indeed, Cox regression analysis for PFS adjusted for both IGHV status at baseline and MRD in PB indicated that there was no longer a statistically significant treatment difference between FCR and BR at the 5% level (P 5 .074). This suggests that the IGHV mutation imbalance is contributing to the apparent difference in longterm outcome between treatments. Therefore, the analysis of PB-MRD in CLL10, when adjusting for baseline imbalances, provides results that support the surrogacy relationship between PB-MRD and BM-MRD. Hazard ratio Figure 3 . Meta-regression sensitivity analysis restricting PFS HR to be 1 when there is no difference in MRD rates. Based on combined CLL8, CLL10, and CLL11 patient populations (MRD evaluable populations). Orange circles, CLL8; blue circles, CLL10; red circles, CLL11. Circle size in the figure reflects weighting of each subgroup to the overall model; those with least variability in PFS HR have the largest circle. Clustering of circles by trial reflects overall treatment effect for MRD and PFS in the trials.
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The trials selected for this analysis differed with respect to the patient populations and treatments under investigation; CLL8 and CLL10 enrolled patients who were considered physically fit and CLL11 comprised patients with comorbidities. Additionally, 5 different chemoimmunotherapy regimens were evaluated in these trials. However, to obtain a model that is generalizable to a wide range of clinical settings and to avoid excessive extrapolation, it was believed beneficial to have some level of heterogeneity between trials. Sensitivity analyses including only CLL8 and CLL10 data confirmed the relationship between treatment effects on MRD and PFS. The similarity of the results supports the use of MRD as a surrogate end point for PFS in future CLL clinical trials that contain induction treatment, using chemoimmunotherapies with a mechanism of action similar to those investigated in these studies. Inclusion of CLL data from patients with comorbidities did not impact the model conclusions and the added data from the CLL11 trial increased the reliability of the model.
As expected, several limitations may be considered. First, the wide CIs around the PFS prediction show that additional data are required to define a more precise quantitative relationship between treatment effects on PFS and MRD, although these wide CIs would be reduced if there were a higher number of PFS events observed in a future study. Second, although external validation of the model using REACH data suggests general applicability across treatment regimens and patient characteristics, the data used to generate the model were from a single research group (GCLLSG) and 3 clinical trials only. Though data were split into subgroups to generate sufficient data points and facilitate a robust regression analysis, the use of additional trials to serve as individual data points would avoid overrepresentation of trials with specific baseline and treatment characteristics. Importantly, use of the regression model to predict the PFS HR within key prognostic subgroups in each clinical trial (based on IGHV mutation, age [,65 years vs $65 years] and gender), demonstrated good agreement with the observed HRs in those subgroups, further supporting that the model holds in patients with different baseline disease and demographic characteristics. Third, the analysis assessed MRD at the end of induction treatment, in patients who did not receive any postinduction therapy. The effect of maintenance treatment on the ability of MRD to predict PFS and the effect of treatments that are administered continuously until disease progression remain unknown. The effect of treatments that have a different mechanism of action than those studied in this analysis, such as kinase inhibitors, also remains unknown. Finally, it should be noted that the model was not designed to predict the PFS of individual patients, but rather to facilitate design of randomized trials using MRD as a surrogate end point to predict treatment effect on PFS. Further work to investigate the relationship between treatment effects on MRD and PFS for agents that have a different mechanism of action, such as small-molecule inhibitors administered continuously until disease progression, could be considered.
In summary, the present MRD meta-regression model supports the use of MRD as a surrogate primary end point in randomized CLL clinical trials. Future analyses will aim to determine a more precise quantitative relationship between treatment effect on MRD and treatment effect on PFS while also assessing the general applicability of this relationship across CLL treatment regimens and patient populations. There is a Blood Commentary on this article in this issue.
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